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In the present work, the effect of coolant injection on the 
Over-Tip-Leakage (OTL) flow and squealer designs has been 
investigated in a transonic flow regime. After an experimental 
verification of the computational tool adopted for capturing 
transonic flow characteristics, a series of quasi-3D 
computational analyses were carried out to reveal and 
understand the cooling jet - OTL flow interaction at various 
hole locations and inclination angles. The results indicate that 
the performance rankings between flat tip and squealer tip 
designs might be altered by the addition of cooling injection. 
Full 3D conjugate heat transfer analyses demonstrate that 
partially replacing the squealer cavity with a simple flat shaped 
configuration in the rear transonic flow portion would offer a 




Modern turbine blade tip has to be effectively cooled to 
survive the extremely high heat load in the engine operating 
condition, even though most typical tip design concepts were 
initiated by the aerodynamicist to control the Over-Tip-Leakage 
(OTL) loss. The cooling injection within the narrow tip gap 
clearance would add much more complexity to the OTL flow 
structure, thus greatly vary tip heat load distribution. In 
practice, the tip aerodynamic design and the cooling design 
have to be an iterative process. 
The mixing process between OTL flow and the coolant 
and related heat transfer are different from most of the other 
film cooling in the gas turbine. Generally the injected coolant 
either impinges onto the adjacent casing wall, or has to interact 
with highly three-dimensional vortical flow structures 
associated with winglet or squealer tip designs. As addressed by 
Bunker [1], the primary intention for an efficient tip film 
cooling is to reduce heat flux with minimal coolant amounts 
(not to block the leakage flow from entering the tip gap, though 
this effect may be present to a small degree). There have been 
many studies which focused on the heat transfer and film 
cooling effectiveness of tip injection. Kim et al. [2] presented 
an early review on the effects of coolant injection on heat 
transfer. They reported that, for a given tip geometry, the 
cooling effectiveness was highly dependent on the coolant hole 
shape and injection location. The performance of different 
cooling hole shapes and geometries has been studied by Kim 
and Kim [3] and Lee and Kim [4]. According to Newton et al. 
[5], coolant holes placed at the separation bubble have a better 
performance than at the reattachment zone in reducing the tip 
heat load. Their flow visualization and pressure data revealed 
that injecting coolant can significantly alter the fluid dynamics 
of the OTL flow. This observation is also consistent with the 
experimental study by Yoon and Martinez-Botas [6]. The 
understanding in common is that, the interaction between the 
separation bubble and the narrow tip passage prevents the 
coolant expanding into the freestream, forces the coolant into a 
closer contact with the tip surface, and thus leads to a better 
film cooling performance. Ahn et al. [7] compared the cooling 
performance of plane and squealer tips with cooling holes 
located along the camber line or along the pressure side. 
Pressure-side cooling injection was identified as a better choice. 
For a squealer tip design, Hofer and Arts [8] found out that 
increasing the coolant mass flow rate increases the resistance to 
the OTL flow and the tip heat transfer is reduced accordingly. 
Similarly for a winglet tip studied by Zhou et al. [9], the 
average cooling effectiveness increases and the heat load 
reduces with more coolant mass flow ratio. Narzary et al. [10] 
and Li et al. [11] investigated the effect of coolant density ratio 
on cooling effectiveness, and concluded that the heavier density 
coolant could adhere to the surface and result in a higher film 
cooling effectiveness. The relationship between the blowing 




























































E Journal of E






he tip gap for 
e the discharg
s fixed total m
nic and trans
h et al. [17] 
the dirt purge





t has also been
r optimized b
, Niu and Zan
st the leakage 
k and Willinge


















ler and Saleh 
t and squealer 
s consistently 
ge losses by tip
he transonic n
ns has only be












ve also paid so
ion on the 
n early study
, introducing 
both flat and s
e coefficient o
ass flow rate 
onic condition
investigated th
 holes, and r
econdary jet i
l for the larg




y the right lo
g [19]) and ri
flow, Lim et a
r [22]).  
plex interact
 different tip
g the open lite
 associated w
et al. [9] r
with the i
ant mass flo
ver, with the s
ion, O’Dowd 
s with cooling





 the effect of 
fficient is ma
















a series of q
 Gas Turbines 
t al. [13] and 
me attentions
OTL flow 
 of OTL flow
an appropriate
quealer tips ha
f the tip leaka
at the tip gap 
s. Hohlfeld e
e effect of b
eported that th
s significant fo
e tip gap). F
[18] showed t
e gap region b








ith tip cooling 
eported a 6%
ntroduction 
w rate in th
ame geometry
et al. [23] obse
 injection. A
nd a cooled sq
n was made
ed that cooli
ge flow for th




e effect of add
ic OTL flow c
re is a potenti
 flow for some
in recent years
and He [28]). 
g cooled tip
 and shock me
l features wh
o-cool-aero d
 is aimed first
o the transon




 on the effect o
structure an
 by Chen et a
 secondary je
s a tendency t
ge, with a mor
exit under bot
t al. [16]  an
lowing coolan
e reduction o





ge effect can b
paration vorte
rientation (i.e
rtis et al. [21
the coolant an
ere are som









 by Zhou an
ng injection i







al to reduce ti
 HPT blade ti



































































































  out 
  PS
  s 
  SS 






 against a typi
ENCLATURE
 cooling ho
 height of t
 depth of s





   Over-Tip L








 width of s
 pitch-wise







 coolant  
T   Conjugate
 mainstream











































 with a full 
mance are dem





f coolant and m
uasi-3D doma
 tip surface  
 


















































































l cases in the
fied from the r
ed local flow
l was employ
. (It has been
acy of CFD p















 number is 1.0
chord is 1.54
oolant total pr
 is close to a
ce. The inlet
etric boundar






e the flow ne
ted along th
 in the full 








on near the e
ence between
ngineering for



















l. [29].  
al boundary c
ere used. T
ure T0,in, and f
d length upstr
 Ps,out is sp
ain (four axial
. A typical 
t-exit pressure
3, and the ex







 with cooling 
aler described
f cooling 










e. Figure 2 
d with three 
xit of the tip 
 all three g
 Gas Turbines 
meshes. 
ANSYS FLUE








 all the cases
Wheeler et a








low angle are 
eam of the lea
ecified at th












 later). To stu
injection w
etric study 
 hole), a quas
direction from
ional domain 
shown in Fig. 
ointwise, was
th 3D and qu
n). In the gri
 was paid on t















 in the presen
l. [26] that th
ip flow is les









e exit of th
downstream o
 condition 





 set as 450K





































































































ution at the e
y levels of grid
 Schematics 
tries investiga




















xit of the tip
s. 
of cooled/unc












 (Fig. 4) w












 the present 




d to the mains
asi-3D cases. 
 on all the tip 
  
f quasi-3D 
























 tip gap, wher
ex lenses with
e light emitted




































































E Journal of E
 CCD camer
.  
he tip gap h
 up to five ti
r-resolution 
olds numbers 
idth of the pa
all effect. Sam
CFD and exp






s stated by F
wgraph is p





iment to the ߘ
shock wave l
e. The second
 was not obs
density variati
ULTS AND D
ing jet - tran
igure 6a pres
iddle of the qu






ng region is m
The existence
e of fluid stag
g. 6b. This i




mes of the on
shadowgraph 
has been con
ssage is ten tim










 where n is th














at the OTL fl
se, the flow is
With the addi
oved close to 




 Gas Turbines 
d to capture th
gth in the ex
e in the CFD
image. (Th
sidered in CF























is set as 45
ter in Figure 














 height to avoi
were applied i




t intensity of 
an ߘଶ  of th
ccording to th











ced at three ti





r of the coolin





































































 bends in the 
he adjacent ca
 near the press
ed in front of 
igure 7 presen
ectors along 
Most of the O
f the cooling 
s are evident 
a pair of coun
ter its initial b
(a)
 Flow struc
ing (a) Mach n










 into smaller 
he choking th
 8b shows t
ntum due to t
pingement to 








TL flow is in
hole exit. Two
in the same co
ter-rotating v
ending. 
          
tures of unc
umber distrib



















r the case wit







ortices as it tr





f the cooling 
h number dist
ler tips with 
s. The inclina
ation result sh
formed in the 
g injection, th
kage flow is 
above the suc
g jet core l
ing with the c
ll is much we















































































E Journal of E
(a
8 Flow structu
ing (a) Mach 








g jet located n
 colored with
im (near inner
ow is in a ch
vity floor form
s over the rim
rs shown in F
is a substantia
g jet. On the
y 
ngineering for




s colored by M
between cooli
d by a Mach
t (blue) and in





 edge). For mo
oking conditio
s a pair of cou
 region, as ind
ig. 9. Due to
l low subsonic
 other hand, 
 Gas Turbines 










 OTL flow. Fo
n side rim and
r is made abo
st of the regio
n. The coolan
nter-rotating v














r the case wit
 α = 60o, a cu
ve the suctio




 of coolant je


















































































 in Fig. 9. Com




igated in the p
ings betwee
igure 10 summ
it of the tip g
ass flow rate v
ooled flat tip
 a 10% reduct
t tip design in
 flat tip case
less than the u
reduction of 
 in Fig. 6. The
tion angle, an
l 13.2% red
ed when the c
ith α = 45o. 
 contrast, coo
uealer tip: all 
ate than the u
flow rate on 
is relatively 
ed for the cas
inclination an
 OTL mass flo
oling hole is lo
g jet blockag
s above the 
ly remove) th
 (as illustrated




 of overall OT
essure side, an
 (α =45o, nea
ear suction sid
er case is slig
p case (0.26 















ot exist for 
resent study. 
n a cooled f
arizes the ov
ap for all the 
alues are nor
. Without coo
ion in OTL m




 mass flow is
d closer locat
uction of OT






e with α = 60o
gle, all cooled
w than the co
cated. Such b
e effect and 
suction side 
e separation b
 in Fig. 9) .  
si-3D calcula
ed constant (
 different for d
l pressures. F
L exit flow r
d the coolant 
r PS corner) a
e rim). The c
htly less than 
vs 0.28). An 
also conducte
6) and the res




















ass flow rate 
ansonic condit
, the exit ma
ue to the bloc
king area, as
 further reduce
ion to the pre
L mass flow
placed near th
 brings an op




, near the sucti
 squealer desi



















in Fig. 11: a 




 the impact o
ing span-wis







ss flow rate a
s investigated
the result from
 a squealer tip
compared with
ion. For all th









ce of the OTL
and inclination
mance can b
on side rim. A
gns result in 
o matter wher









e, for a cooled
uealer tip (α =



































































































5o, near PS cor




t of the temp
flow has no
ler cavity flow
ths of cavity 
de a qualitativ
r 3D design op
al frontal sq
n the real engi




t of coolant m
 the results b
eler and Saleh
 mass flow ra
es investigated
tails of mass 
ner) and a coo
current ratin
try are only 
me with one 
erature ratio b
t been consid
 is highly thr
vortices. Thes





 Gas Turbines 
 terms of OT
 either the sam
ass flow). Su
y Zhou and H
 [25] (cooling
te at the exit o
.  









serve as a ge
pt  
ondition, the 
t by the local 
and Power 





f the tip gap fo
 
 cooled flat ti



























































ally near the s
g holes in this














o tip cooling d
 this case st
sed and compa
 conjugate an
 in Fig. 12. Ni
ion. The inter
 tip gap heigh
l wall was a
. A temperatu





 region due to 
the frontal tip





























. It is also di
the limited spa
 region is sub




ed with the fl
ng complex co








o tip cooling 
les are evenly 
ness was set t
at transfer coe
e a uniform 










































































































ar part of the
d (the dark lin
ete cooling in
e the chokin
fied for the fu
4 Span-wise av





TL flow along 
en the two cool
ler gives a hig
 (l/s < 0.2). Th
due to a red
rmance in th
ngineering for
re ratio is ke





















ed squealers is v
her local leak
is is due to a 
uced cavity s
is region cou
 Gas Turbines 
pt as P0,c/P0,i
e scale as the




e edge) for t
ic in the fron
rved for bot
aler tip shoul
rted by many 
ost of the ex
ach=1, as sho
y disturb the 
er choking 






e exit edge. T
ery similar. Th
age flow near 
weakened reci
ize. It is exp
ld be improv
and Power 
n = 1.1. Thes
 typical engin
 set to be sam
signed to be 




d work well i
early studies. I
it OTL flow 





















































































zation of the 
gion of l/s > 
more reductio
er, which has 
igure 15 pre
,i) along the 









࢓ሶ ࢓࡯࢖࢓ ∙ ࢀ૙,࢓ ∙ ቌ
ote that this l
ion, which in
at transfer bet

















a cut plane in
uealer case, th
w/T0,in >0.8). C
r lower the sur
er cavity wit
e temperature
ge of the c
tantly, an eff








ns to the leaka










ࢉ࡯࢖ࢉࢀ૙,ࢉ ൅ ࢓ሶ ࢓࡯࢖࢓








n in Table 1,
 rate.  











 two cooled 
 made by com
 the rear regio
e heat load is
learly, more 
face temperat










 red), the coo
ge flow for th







based on the 
ed by [32, 8, 2
∙ ࢀ૙,࢓൯ ൭૚ െ ൬ ࡼࢋ࢞࢏࢚ࡼ૙,ࢋ࢞࢏࢚൰
൅ ࢓ሶ ࢉ ∙ ࡯࢖ࢉ. ࢀ૙,ࢉ ∙ ቌ૚
t is a global t








 on the prev










n of the tip s
 very high ne
cooling supply
ure. In contras
e offers a un
75). This is d
the tip surfa
onduction th






























y for a bette













 is required t
t, replacing th
iformly lowe























































































ler design in 







on of cooling 
d squealer in t
condition. For
 is relatively w
ed above the s
eparation bub
ing the effecti







, the partial 
d to balance 













erms of OTL m
 a cooled sque
eak, a pair o
uction side rim
ble in the c
veness of the s
 a full 3D co
ing the squea
 rear transonic
 Gas Turbines 
gn also serves






ction on the 
low regime a















 flow region 
and Power 










ling jet - OT
and inclinatio
gs of predicte



































































































nker, R. S., 2
, and Durab
, Vol. 22, No. 





m, Y. J., and
on holes on 
ational Journal








on, J. H., and 
mance in a S
 Paper No. GT
hn, J., Mhetra
iveness on a 
ive Paint,” AS
0.  












i, S. J., Yang
nt Density on













2, 2006, pp. 27
ns, J. P., Soe
d Tanrikut, S.
e Tip Heat Tr
rmed by Dr. 
 1-11. 
 Kim, S. M.,
turbine blade 
 of Heat and M




ck, G. D., Kr
annis, J., and
 of tip leakag




s, S., and H
Gas Turbine
ME Journal o










, S. F., and H
 Leading Edg
Sensitive Pain
., 136, p. 051
GTP-14-1541,
lility without
etries of the f




g this work. 
urbine Blade 
Journal of P
1 – 285. 
chting, F. O., 







g Hole to En
l of Heat and 
ishnababu, S. 
 Whitney, C.
e flow in axia
rbomach., 13
s, R. F., 2005,
bine Blade T
an, J., 2005, 





tt, I., and Sto









































inglet Tip in 
omach., 135, p











































ASME Journal of Engineering for Gas Turbines and Power 
 
GTP-14-1541, Zhang, Page 9 
 
[12] Lu, K., Schobeiri, M. T., and Han, J. C., 2013, “Numerical 
Simulation of Film Cooling of Rotating Blade Tips within a 
High-Pressure Turbine,” ASME Paper No. GT2013-94806. 
[13] Mhetras, S., Narzary, D., Gao, Z., and Han, J. C., 2008, 
“Effect of a cutback squealer and cavity depth on film-cooling 
effectiveness on a gas turbine blade tip,” ASME J. Turbomach., 
130, p. 021002.  
[14] Kwak, J. S., and Han, J. C., 2003, “Heat transfer 
coefficients and Film Cooling Effectiveness on the Squealer Tip 
of a Gas Turbine Blade,” ASME J. Turbomach., Vol. 125, pp. 
648-656. 
[15] Chen, G., Dawes, W. N., and Hodson, H. P., 1993, “A 
Numerical and Experimental Investigation of Turbine Tip Gap 
Flow,” 29th Joint Propulsion Conference and Exhibit, AIAA 
Paper No. 93-2253. 
[16] Hohlfeld E. M., Christophel J. R., Couch E. L., and Thole 
K. A., 2005, “Predictions of Cooling From Dirt Purge Holes 
along the Tip of a Turbine Blade,” International Journal of 
Turbo & Jet-Engines 22.3 (2005): 139-152.(ASME Paper No. 
GT2003-38251). 
 [17] Couch, E., Christophel, J., Hohlfeld, E., Thole, K. A., and 
Cunha, F. J., 2005, “Comparison of Measurements and 
Predictions for Blowing from the Tip of a Turbine Blade,” 
AIAA Journal of Propulsion and Power, Vol. 21, No. 2, pp. 
335-343. 
[18] Krishnababu, S. K., Hodson, H. P., Booth, G. D., Lock, G. 
D., and Dawes, W. N., 2010, “Aerothermal Investigation of Tip 
Leakage Flow in a Film Cooled Industrial Turbine Rotor,”  
ASME J. Turbomach., 132(2), pp. 1–9. 
[19] Niu, M., and Zang, S., 2009, “Numerical Investigation of 
Active Tip-clearance Control through Tip Cooling Injection in 
an Axial Turbine Cascade,” Journal of Thermal Science, Vol.18, 
No.4 pp. 306- 312(2009). 
[20] Lim, C. H., Pullan, G., and Ireland, P., 2013, “Influence of 
Film Cooling Hole Angles and Geometries on Aerodynamic 
Loss and Net Heat Flux Reduction,” ASME J. Turbomach., 
135, p. 051019. 
[21] Curtis, M. E., Denton, D. J., Longley, P. J., and Budimir, 
R., 2009, “Controlling Tip Leakage Flow Over a Shrouded 
Turbine Rotor Using an Air-Curtain,” ASME Paper No. 
GT2009-59411. 
[22] Hamik, M., and Willinger, R., 2007, “An Innovative 
Passive Tip-Leakage Control Method for Axial Turbines: Basic 
Concept and Performance Potential,” ASME Journal of 
Thermal Science, Vol. 16, pp. 215-222. 
[23] O’Dowd, D. O., Zhang, Q., He, L., Cheong, B. C. Y., and 
Tibbott, I., 2013, “Aero-thermal Performance of a Cooled 
Winglet at Engine Representative Mach and Reynolds 
Numbers, ” ASME J. Turbomach., 135, p. 011041. 
[24] Zhou, C., and Hodson, H., 2011, “The Tip Leakage Flow 
of an Unshrouded High Pressure Turbine Blade With Tip 
Cooling,” ASME J. Turbomach., 133, p. 041028. 
[25] Wheeler A.P.S., and Saleh Z., 2013, “Effect of Cooling 
Injection on Transonic Tip Flows,” AIAA Journal of Propulsion 
and Power, DOI: 10.2514/1.B34657. 
[26] Wheeler, A. P. S., Atkins, N. R., and He, L., 2011, 
“Turbine Blade Tip Heat Transfer in Low Speed and High 
Speed Flows,” ASME J. Turbomach., 133, p. 041025. 
[27] Zhang, Q., O’Dowd, D., He, L., Wheeler, A. P. S., Ligrani, 
P. M., and Cheong, B. C. Y., 2011, “Over-Tip Shock Wave 
Structure and Its Impact on Turbine Blade Tip Heat Transfer,” 
ASME J. Turbomach., 133, p. 041001. 
[28] Zhang, Q., and He, L., 2011, “Over-Tip Choking and Its 
Implications on Turbine Blade Tip Aerodynamic Performance,” 
AIAA J. Propul. Power, 27(5), pp.1008–1014. 
[29] Li W., Jiang H., Zhang Q., and Lee S. W., 2013, “Squealer 
tip leakage flow Characteristics in transonic condition,” in press 
with ASME Journal of Engineering for Gas Turbines and 
Power. (ASME GT 2013-95283). 
[30] Felix J. W., 1963, “Optics of Flames-Including Methods 
for the Study of Refractive Index Fields in Combustion ans 
Aerodynamics,” Butterworths, London, 1963. DIO: 
10.1002/ange. 19640760623 
[31] Wolfgang M., 1987, “Flow Visualization,” Academic 
Press, Inc., 1987. ISBN 0-12-491351-2. 
[32] Lakshminarayana B., 1996, “Fluid Dynamics and Heat 
Transfer of Turbomachinery,” John Wiley & Sons, Inc., 1996. 
ISBN 0-471-85546-4. 
 
 
